Janus particles are emerging as structurally unique drug carriers with the potential to deliver multiple drugs and agents. Although synthesis methods have been extensively explored to fabricate Janus particles, it remains a challenge to generate drug-loaded Janus particles through an economical, high throughput technique. Here, we report the formation of the first drug-loaded, micro-scale Janus particles prepared using a single-step emulsion solvent evaporation approach. Our results revealed that both the net charge of drug molecules (i.e. glibenclamide, tolbutamine, rapamycin and lidocaine) and polymer weight ratio (i.e.
Introduction
Biomedical research has progressed rapidly over the last two decades, attributed to advances in materials and nano-science to generate drug delivery technologies for controlled, sustained and targeted delivery. Drug delivery systems are a promising pharmaceutical technology that assures better drug bioavailability, and improves treatment efficacy and safety compared to conventional medicine.
1 Such encapsulation systems are especially useful for highly potent drugs that suffer from low solubility and stability. Numerous small-scale carriers, i.e. solid lipid particles, liposomes, micelles, dendrimers, microcapsules and microparticles have thus been developed for this purpose.
2,3 Examples of commercially successful delivery systems are the liposome-based doxorubicin-loaded carriers, e.g. Doxil® and Myocet®, and the polymer-based microspheres, e.g. Lupron Depot® and Nutropin Depot®. From an economics perspective, the drug delivery technology market is estimated to be going to be worth USD 1.669 trillion by the year 2021. 4 The microparticle, in particular, is one of the most versatile and robust delivery systems capable of encapsulating a wide spectrum of small molecules, including proteins and nucleic acids, with high efficiency, while maintaining drug stability for long-term release. [5] [6] [7] [8] [9] Its functionality can also be broadened through the design of structurally unique particles, i.e. multilayered and multi-compartmentalized, as a means to manipulate the pharmacokinetics of drugs. 1, [5] [6] [7] The Janus Particle (JP) is one example of a structurally unique, yet promising multi-drug carrier. Such particles feature segregated, anisotropic compartments on two sides of an individual particle. JP offers several distinct advantages over other particulate delivery systems, because architecturally it allows for a compartmentalized encapsulation of drugs. In addition, it can provide other value-adding features such as bio-imaging, by incorporating imaging agents into a separate compartment for combinatorial theranostic application. 10 The concept of JP was rst proposed by the Nobel laureate de Gennes in the 1990s. 11 Over the decades, tremendous effort has been channeled to optimize the synthesis process for large-scale production of JP with specic functionalities. [12] [13] [14] Common approaches such as toposelective surface modication, template-directed self-assembly 18, 19 and controlled surface nucleation [20] [21] [22] can provide precise morphological and structural control of the JP, but they suffer in scalability. 13, 14 More recent techniques are thus developed to synthesize polymeric JP using microuidic devices 23, 24 and through the electrohydrodynamic jetting strategy. 25 The former produces particles of limited size range and may require an additional step for polymer crosslinking, while the latter is applicable only to conductive polymers. In contrast, the phase separation method, 26 e.g. emulsion solvent evaporation, is generally recognized as the most feasible method for scalable production of JP owing to its economical set-up and relatively simple process. 27 The key challenge of this method, however, is the ability to control simultaneous phase separation of polymers in the dynamic colloidal system to consistently yield JP of the desired architectural design. Although several recent studies have demonstrated the possibility of generating multidimensional JP using biodegradable polymers through the emulsion solvent evaporation approach, there has been no report where drugs were included into the fabrication process. 28, 29 In fact, attempts to encapsulate drug molecules into JP through this technique have not met with much success. 30 In most cases, the addition of a drug molecule appeared to alter the initial structure of the JP, of reasons yet unknown. 30 This suggests a complex relationship between the drug and polymers during particle fabrication that interfered with the formation of JP. There is therefore a need to determine the relationship among drug, polymer and JP formation, in order to devise an empirical strategy to consistently generate structurally intact drug-loaded JP through the emulsion technique.
In this study, we approached the question by scoping the work using two different FDA-approved biodegradable polymers, poly(lactic-co-glycolic) (PLGA) and polycaprolactone (PCL), as well as several drugs as our model system. Instead of encapsulating the drug using a blank JP formulation, we synthesized the JP in the presence of the drug using the emulsion solvent evaporation method and systematically investigated the factors that affect JP formation in this oil-in-water system. It was found that both the weight ratio of PLGA to PCL and the net charge of the drug molecules (i.e. glibenclamide, tolbutamine, rapamycin and lidocaine) were critical in governing the switch between anisotropic (i.e. JP) and core-shell (i.e. non-JP) structure, highlighting the importance of drug-polymer interaction in the fabrication process. Specically, different drug molecules appeared to modulate the interfacial tensions, based on the net charge/charge density, of the interacting polymers with the water phase that primes the formation/deformation of JP. These formulation principles can therefore serve as a theoretical framework for the generation of nano-to micro-scale, drug-loaded JP in a high throughput manner.
Experimental section

Materials
Glibenclamide and tolbutamide were purchased from Tocris Bioscience (UK). Rapamycin was obtained from Apollo Scientic (UK). Lidocaine was obtained from Sigma Aldrich (US).
Poly(lactic-co-glycolic) (PLGA, lactide/glycolide ratio ¼ 50 : 50, IV ¼ 0.2) was obtained from Corbion Purac (NL 
Fabrication of Janus particles
One-step oil-in-water emulsion solvent evaporation method was used to prepare the Janus particles. A total of 300 mg PLGA and PCL, in different weight ratios, were dissolved in three milliliters of dichloromethane (DCM). Drugs including, glibenclamide, tolbutamide, rapamycin and lidocaine as well as trypan blue were loaded at 2% or 10% of the total polymer weight (w/ w). Both drug and polymers were mixed in DCM till completely dissolution. The drug-polymer solvent was then emulsied in water phase by stirring at 400 rpm for three hours at room temperature, in the absence of light. The water phase was prepared by dissolving PVA in 250 mL deionized water at 0.5% (v/v). Hydrochloric solution (1 M) was used for pH adjustment of water phase prior to emulsion step. The microparticles generated were harvested aer washing with deionized water for ve times. The microparticles were lyophilized and stored at À20 C prior to further analysis.
Characterization of Janus particles
Optical images of microparticles were acquired using a light microscope equipped with a camera (Olympus CX21, JP). A total of 100-200 microparticles for each fabrication was imaged and analyzed using ImageJ (1.51f) to determine the size distribution of microparticles. The surface and crosssection of microparticle was visualized using a scanning electron microscope (SEM JEOL5410/6360, JP) with thermionic tungsten lament at an operating voltage of 5 kV. Briey, the microparticles were rst mounted on a carbon tape and dissected using a razor blade aer rapid freezing in liquid nitrogen for 60 s in order to provide a cross-sectional view. To differentiate the PLGA compartment from the PCL compartment, intact microparticles were treated with acetone to dissolve PLGA but leaving the PCL compartment of a JP intact. Aer prior treatment nish (cross-section dissection or acetone treatment), the microparticle samples were coated with gold using a sputtering machine (JEOL Auto Fine Coater JFC-1600, JP) for 70-90 s prior to SEM imaging. The drug encapsulation efficiency (EE) for each individual drug was determined using the HPLC method as described previously.
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Briey, the encapsulated drug was rst extracted from the JP and the drug concentration was determined according to an earlier established calibration curve for each individual drug type. For example, rapamycin was analysed using Agilent Poroshell 120 column at a ow rate of 0.7 mL min À1 (80% methanol and 20% water). The drug peak was detected at a retention time of 7 min (278 nm). The EE was determined to be 92.89% AE 6.37%. Tolbutamide, glibenclamide and lidocaine were analysed using Agilent zorbax eclipse XDB-C18 column (250 Â 4.6 mm, 5 mm). Tolbutamide peak was detected at 6.5 min (262 nm) at a ow rate of 1.0 mL min À1 (40% acetonitrile and 60% water, 0.05% trimethylamine), while glibenclamide peak was detected at 8 min at a ow rate (275 nm) of 1.0 mL min À1 (with 50% acetonitrile and 50% water).
On the other hand, lidocaine peak was detected at 5-6 min (263 nm) at ow rate of 1 mL min À1 (30% methanol and 70% 0.01 mol L À1 NaH 2 PO 4 (pH ¼ 2)). The EE were determined to be 95.77% AE 1.2%, 97.94% AE 5.46% and 80.68% AE 2.6% for tolbutamide, glibenclamide and lidocaine, respectively. For non-drug molecule, i.e. trypan blue, visual observation of blue color was used to ascertain its successful encapsulation.
2.4 Distribution of glibenclamide in a Janus particle using confocal Raman microscopy
The spatial distribution of the drug glibenclamide in a JP was mapped using a confocal Raman microscope (WITec Raman Imaging, Savoy, IL), consisting of a high power NIR diode laser 785 nm excitation, a single monochromator (Acton) employing a 300 groove mm À1 grating and a thermoelectrically cooled 1024
by 128 pixel array CCD camera (Andor Technology). Using the "Raman Spectral Imaging" mode of the instrument, Raman spectrums were obtained by scanning the sample at each polymer compartment. Microparticles were mounted on a double side tape secured on a glass slide. The samples were excited using 785 nm laser at 100 mW. All Raman spectra were collected using a plan achromatic objective at 20Â, with numerical aperture 0.4. A static Raman spectra window from 0-3000 cm À1 was applied in all measurements, with an acquisition time of 180 scans each time. The collective Raman spectrum was processed using the instrument default soware to generate the average spectrum for polymer and drug component based on their unique Raman shi.
Interfacial tension measurement
The interfacial tensions between PLGA/DCM and PVA/water (i.e. g 12 ) as well as PCL/DCM with PVA/water (i.e. g 23 ) were determined with an optical contact angle measuring and contour system (OCA 15Pro, DataPhysics, US) using the pendant drop method. 32 Briey, a droplet of PLGA/DCM or PCL/DCM immersed in PVA/water hanging on a dosing needle was imaged using a camera. The dimension/shape of the droplet was subsequently analyzed with the DataPhysics SCA 22 soware module based on the Young-Laplace's equation 33 to determine the interfacial tension. On the other hand, the interfacial tension between PLGA and PCL (i.e. g 13 ) was estimated based on the surface energy of PLGA and PCL according to the Owens-Wendt method (Table S1 †). Briey, two standard solutions cyclohexane and water were used to measure their contact angles with PLGA and PCL lms using the optical contact angle measuring and contour system (OCA 15Pro, DataPhysics, US). The interfacial energy and thus the interfacial tension were calculated based on the contact angles determined. All measurements were done in triplicates.
Results
Glibenclamide drives Janus particle formation at a specic polymer weight ratio
Microparticles consisting of biodegradable polymers, i.e. PLGA and PCL, at different weight ratios, as well as the model drug glibenclamide, were rst synthesized using a one-step oil-inwater emulsion solvent evaporation technique. Without glibenclamide, microparticles with core-shell structures, were consistently generated regardless of the polymer weight ratios ( Fig. 1(A1-A3) ). In contrast, with the addition of glibenclamide, a bi-compartmental JP structure readily appeared at the polymer weight ratio 20 : 10, but not at 15 : 15 and 10 : 20 ratios ( Fig. 1(A4-A4) ). These bi-compartmental microparticles were generally characterized by a distinct, hemispheric Janus structure where both PLGA and PCL polymers appeared to occupy almost an equal volume of the microparticle (Fig. 1B1) , which is different from the JP morphology commonly synthesized in the absence of drugs. 34 The anisotropic characteristic of JP was evidenced by acetone treatment, 35 which resulted in the full dissolution of the PLGA component, leaving the PCL compartment with pox-like surfaces (Fig. 1B2 ). Glibenclamide was found to be distributed in both compartments of the JP as indicated by the confocal Raman microscopic mapping (Fig. S1 †) . Consistent with this, the release prole of glibenclamide from JP appeared to be modulated according to the combined drug release characteristics of monolayer PLGA and PCL microparticles (Fig. S2 †) . Importantly, JP demonstrated greater control over burst release of glibenclamide compared to the core-shell microparticles, highlighting the unique property of Janus structure for drug delivery. Quantitative microscopy image analysis further revealed that more than 90% of the particles yielded were JP with mean diameter of 104.5 mm and standard deviation of 37.9 mm (Fig. S3 †) .
3.2 The negative charge state of glibenclamide determines the particle morphology and yield at 20 : 10 polymer weight ratio
To gain a further insight into the relationship between glibenclamide and microparticle formation, different concentrations of glibenclamide were supplemented in the fabrication process whilst the PLGA/PCL polymer weight ratio was maintained at 20 : 10 ( Fig. S4 †) . While core-shell (i.e. non-JP) particles were dominant in the absence of glibenclamide (Fig. S4A †) , more than 90% of the microparticles were JP when glibenclamide at 2% (w/w) was included (Fig. S4B †) . A higher concentration of glibenclamide, i.e. 10% (w/w), however, neither altered the Janus structure nor signicantly increased the JP yield (96.6 AE 0.9% for 10% glibenclamide vs. 92.5 AE 0.5% for 2% glibenclamide, P > 0.05) (Fig. S4C †) . Interestingly, it was also shown that the negatively charged glibenclamide could be functionally substituted with other negatively charged drugs such as tolbutamide (Fig. 2A1) or a negatively charged agent like trypan blue (Fig. 2A2) . However, addition of a neutral drug, e.g. rapamycin (Fig. 2A3) or a positively charged drug, e.g. lidocaine (Fig. 2A4) , did not yield any JP at the same PLGA/PCL weight ratio 20 : 10.
This suggests a charge-dependent selectivity in JP formation. To further conrm the impact of negative charge on JP formation, the relationship between the charge density of glibenclamide at different pH and the JP yield was quantied (Fig. 2B) . The amount of JP formed was found to be positively correlated with the negative charge density of glibenclamide ( Fig. S5 † and 2B4 ). For example, at pH 6, 83.4% of glibenclamide were expected to carry a negative charge and that resulted in more than 92% of microparticles with a Janus structure (Fig. 2B1) . However, the JP yield decreased to 71% at pH 4 and JP disappeared entirely at pH 2, where the negative charge densities of glibenclamide were reduced to 11.4% and 0.1%, respectively ( Fig. 2B2 and B3 ).
Glibenclamide alters the interfacial tensions in favor of JP formation at 20 : 10 polymer weight ratio
In an emulsion system, the interfacial tensions (g) between different phases determine the spreading coefficients (S), which can be dened thermodynamically based on the eqn (1).
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This plays a key role in shaping the particle morphology, as different combinations of spreading coefficients can inuence the degree of polymer engulfment during phase separation, according to the spreading coefficient theory.
37,38 By Harkin's denition, a positive spreading coefficient means the material will spread, while a negative value means the material will contract. 38 In this study, the emulsion system consisted of three different phases namely, the oil phase PLGA/DCM (Phase 1), the water phase PVA (Phase 2) and the second oil phase PCL/DCM (Phase 3). Correspondingly, there could be three different polymer engulfment congurations at the equilibrium state, including the full (2), the partial (3) and no engulfment (4).
Harkin's equation:
Full engulfment (i.e. core-shell):
Partial engulfment (i.e. Janus):
No engulfment (i.e. individual): S 1 < 0, S 2 > 0, S 3 < 0 (4) Here, g 12 and g 23 are the interfacial tensions of the water phase PVA with the polymer PLGA or PCL, respectively, and g 13 is the interfacial tension between PLGA and PCL. The latter was determined based on the solid state of PLGA and PCL as it gave more accurate morphology prediction. 39 It is assumed that the interfacial tension at the solid state remained constant regardless of the drug added (i.e. g 13 ¼ 0.65). On the other hand, it is hypothesized the negatively charged glibenclamide modulates the interfacial tensions of the polymers with the water phase (i.e. g 12 and g 23 ), favoring the JP formation, specically at 20 : 10 polymer weight ratio. Without drug, at PLGA/PCL weight ratio of 20 : 10, the interfacial tensions differed markedly from each other and the spreading coefficients, i.e. S 1 > 0, S 2 < 0, S 3 < 0, met the full engulfment criteria, resulting in core-shell microparticles (Table 1 ). In contrast, the interfacial tension between PLGA-PVA (g 12 ¼ 7.04) was found comparable to that of PCL-PVA (g 23 ¼ 7.05) when glibenclamide was included. Accordingly, all the spreading coefficients were estimated to be b Drugs with different charges were included in the fabrication, i.e. glibenclamide (negatively charged), rapamycin (neutral) and lidocaine (positively charged). n.a.: not applicable.
c Interfacial tensions between PLGA/DCM and PVA/water (g 12 ) as well as PCL/DCM and PVA/water (g 23 ) were determined using the pendant drop method. Meanwhile, the interfacial tension between PLGA/DCM and PCL/DCM (g 13 ) was estimated based on the surface energy of PLGA and PCL according to the Owens-Wendt method (Table S1 ). The interfacial tension is expressed in mN m À1 . d Phase 1 and 3 are miscible at the beginning of the emulsion. Therefore the interfacial tension between the solid state of PLGA and PCL (i.e. g 13 ) was used to represent the nal form as it gave more accurate morphology prediction. 39 It is assumed that the interfacial tension at the solid state remained the same with drug addition. 40 e The spreading coefficient (S) is calculated based on Harkin's equation,
The spreading coefficient is expressed in mN m À1 . f According to the classic spreading coefficient theory 37 -core-shell: S 1 < 0, S 2 < 0, S 3 > 0 or S 1 > 0, S 2 < 0, S 3 < 0; Janus: S 1 < 0, S 2 < 0, S 3 < 0; individual particles: S 1 < 0, S 2 > 0, S 3 < 0. negative, with S 1 (À0.64) nearly equivalent to S 3 (À0.67) but signicantly less negative than S 2 (À13.43). This satised the partial engulfment requirement for JP formation, i.e. S 1 < 0, S 2 < 0, S 3 < 0. Such drug modulation effect, however, was different when positively charged lidocaine and the neutral rapamycin were supplemented at the same 20 : 10 polymer weight ratio. Although both interfacial tensions, i.e. g 12 and g 23 , were reduced with addition of lidocaine or rapamycin, the full engulfment conguration remained unchanged (Table 1) . Similarly, at PLGA/PCL weight ratio of 15 : 15, addition of the negatively charged glibenclamide also affected the interfacial tensions (as compared to the same formulation without drug), but this time, the partial engulfment conguration was not attainable. These observations were consistent with the spreading coefficient theory, in which the thermodynamic requirements for JP had to be achieved.
Modulation of interfacial tensions by polymer weight ratio allows the formation of lidocaine-and rapamycin-loaded Janus particles
Besides net charge of the drug, interfacial tensions also changed with polymer weight ratios, e.g. 20 : 10 vs. 15 : 15 (Table 1 ). It was found that at a weight ratio of 19 : 11, JP were obtained even in the absence of drugs (Fig. 3A) . At this weight ratio, addition of rapamycin or lidocaine also yielded JP (Fig. 3C  and D) . However, this time, encapsulation of glibenclamide resulted in core-shell microparticles (Fig. 3B) , likely due to more positive spreading coefficients that shi away from partial engulfment. The subsequent interfacial tension and spreading coefficient measurements agreed with this hypothesis (Table 2) . With a newly adjusted weight ratio of 19 : 11, the interfacial tensions of both PLGA-PVA (g 12 ¼ 5.40) and PCL-PVA (g 23 ¼ 5.64), without any drug, now favor the partial engulfment condition. Interestingly, addition of the neutral rapamycin increased the interfacial tensions at both interfaces (i.e. g 12 ¼ 6.50 and g 23 ¼ 6.04) while supplementation of the positive lidocaine decreased those measurements (i.e. g 12 ¼ 4.85 and g 23 ¼ 4.28). Despite the differences, the resulting spreading coefcients fullled the partial engulfment criteria in both cases and hence, the formation of lidocaine-and rapamycin-loaded JP. These ndings clearly suggest that interactions between the drug and the polymers quantitatively dictate the interfacial tensions of the emulsion system, and determines the degree of polymer engulfment.
Discussion
The emulsion solvent evaporation is one of the most costeffective and highly scalable technologies for microparticle synthesis.
5,41 Fabrication of drug-loaded microparticles especially the anisotropic Janus particle (JP) via this approach, however, has yet to be established. In this study, we have methodically examined the mechanism controlling the formation of drug-loaded JP in an oil-in-water emulsion system. We found that these bi-compartmental microparticles could be fabricated explicitly at the partial engulfment condition according to the classic spreading coefficient theory. Critical determinants, including the polymer weight ratio and the net charge of drug molecules, were found to be strongly linked with the alteration of the interfacial tensions, a key component of the classic theory. Understanding the dynamic relationship between the drug nature and the polymer may now enable the formulation of an empirical strategy to synthesize drug-loaded JP via the emulsion approach.
JP formation based on the phase separation method, without any drug encapsulation, has been well described according to the spreading coefficient theory. 37, 38, 42 Here, we extended the application of this thermodynamic rule in synthesizing JP with different drug loads. Regardless of the type of drug molecules incorporated or the polymer weight ratio used, the Janus structure (i.e. the partial engulfment conguration) was achieved only when all three spreading coefficients in an emulsion system were negative or whenever |g 12 À g 23 | < g 13 (Tables 1 and b Drugs with different charges were included in the fabrication, i.e. glibenclamide (negatively charged), rapamycin (neutral) and lidocaine (positively charged). n.a.: not applicable.
c Interfacial tensions PLGA/DCM and PVA/water (g 12 ) as well as PCL/DCM and PVA/water (g 23 ) were determined using the pendant drop method. Meanwhile, the interfacial tension between PLGA and PCL (i.e. g 13 ) was estimated based on the surface energy of PLGA and PCL according to the Owens-Wendt method (Table S1 ). The interfacial tension is expressed in mN m À1 .
d Phase 1 and 3 are miscible at the beginning of the emulsion. Therefore the interfacial tension between the solid state of PLGA and PCL (i.e. g 13 ) was used to represent the nal form as it gave more accurate morphology prediction. 39 It is assumed that the interfacial tension at the solid state remained the same with drug addition. 40 e The spreading coefficient (S) is calculated based on Harkin's equation,
The spreading coefficient is expressed in mN m À1 . f According to the classic spreading coefficient theory 37 -core-shell: S 1 < 0, S 2 < 0, S 3 > 0 or S 1 > 0, S 2 < 0, S 3 < 0; Janus: S 1 < 0, S 2 < 0, S 3 < 0 and separate particles: S 1 < 0, S 2 > 0, S 3 < 0.
2). However, unlike the acorn-, snowman-or the dumbbellshape JP commonly synthesized in the absence of drug molecules, 14 microparticles fabricated in this study were uniquely characterized with two equal hemispheres, which is designated here as the JP hemisphere ( Fig. 1-3) . The different JP morphology is likely due to the varying degrees of partial engulfment during phase separation (Fig. S6 †) . 37, 43 Such JP hemisphere morphology is also in line with the prediction by the extended theory of Torza and Mason, where the contact angle q between two phases at the three-phase equilibrium point of JP can be calculated based on Torza-Mason's equation (Fig. S6 †) . 37 The contact angle between the two interacting polymers (i.e. q 2 ) of a JP hemisphere is approximately 180 , which could only occur when the interfacial tensions between the PLGA-PVA (i.e. g 12 ) and PCL-PVA (i.e. g 23 ) are almost equivalent. Comparable interfacial tensions (i.e. g 12 z g 23 ) with an absolute difference less than the interfacial tension between the polymers (g 13 ) are therefore not only critical in driving the JP formation but also in governing the JP morphology. Given that JP will be used for drug delivery applications, a consistent particle surface to area ratio, as exemplied by the hemisphere morphology, is thus highly desirable. The interfacial tension is dened as the energy cost per unit area associated with creation of an interface between two adjacent phases. 44 Our data revealed that the interfacial tensions between the polymers and the water phase (i.e. g 12 and g 23 ) were highly dynamic, and susceptible to changes induced by drug molecules (Tables 1 and 2 ). However, it remains unclear how a drug molecule may alter the interfacial tension and what is the mechanism underscoring the transformation event.
Further study indicated that the interfacial tension change was strongly linked with the net charge of a drug molecule, and this might be further inuenced by the type and the amount of polymer used in the emulsion system (Table 3) . For example, addition of the positively charged lidocaine consistently decreased the interfacial tension regardless of the type (i.e. PLGA or PCL) or the amount of polymer (100 to 200 mg) used. In contrast, the negatively charged glibenclamide reduced the interfacial tension only when the polymer (i.e. PLGA or PCL) was in a lower weight proportion (e.g. 100-150 mg). When a higher weight range of polymer was involved (e.g. 150-200 mg), glibenclamide increased the interfacial tension of the respective polymer with the water phase. The neutral drug rapamycin was the only exception that either increased or decreased the interfacial tensions concurrently irrespective to the type and the amount of polymer.
In conjunction with the classical theory described above, we propose here a model to dene the drug-induced interfacial tension change based on the interfacial charge density attributed by drug-polymer interaction (Fig. 4) . In this model, it is hypothesized that a drug molecule interacts with a polymer at a specic molar ratio that alters the surface hydrophobicity of the polymer. Similar to prior work, 45, 46 the electrical charge of the drug molecule causes the polymer to become more polar or hydrophilic and thus, reduces the interfacial tension of the polymer with the water phase in the emulsion system. In fact, a similar role by a positively charged surfactant DMBA in lowering the oil-in-water interfacial tension has also been reported. 47 The charge density of a polymer, as conferred by the drug molecule, will be proportional to the amount of polymer used in the emulsion. While a higher charge density may reduce the hydrophobicity of a polymer, accumulation of like charges (e.g. negatively charge drug added to partial negatively charged polymer -PLGA or PCL) will promote charge repulsion, especially during phase separation when the drug-polymer concentrates. Prior study of PMMA/PS polymer difference phase separation behavior in corresponding to SDS surfactant concentration indicates similar phenomenon. 48 Hence, the PLGA/PCL scenario here becomes thermodynamically unfavorable. A consequence of such is the rise of the interfacial tension as in the case when a high proportion of PLGA (i.e. 190 and 200 mg) or PCL (i.e. 150 mg) was mixed with negatively charged glibenclamide (Table 3 ). In line with our hypothesis, a lower amount of PLGA (i.e. 150 mg) or PCL (i.e. 100 and 110 mg) may therefore chelate less glibenclamide, thus reducing the amount of like charges at the interface that is below the repulsive threshold (Fig. 4) . Since both PLGA and PCL are slightly polar with multiple carbonyl functional groups that display a partial negative charge (d À ), interaction between the positively charged lidocaine with either polymer is therefore thermodynamically favorable. This may also explain for the constant reduction in the interfacial tension when lidocaine was added to either polymer, regardless of the polymer weight (Table 3) . For a noncharged, neutral drug like rapamycin, its effect on interfacial , in the presence of drugs, was determined with reference to that of the blank particle (without drug addition) at the respective polymer weight. Drugs used including, glibenclamide (negatively charged), rapamycin (neutral) and lidocaine (positively charged). The result shown here is compiled from the data presented in Tables 1 and 2. tension is less conspicuous. It is therefore likely that a highly hydrophobic rapamycin may have altered the polymer property and behavior differently from the concept of charge density proposed here. Although this work appears to be preliminary and the charge density-driven model remains to be attested by other polymer and drug combinations, it provides the rst molecular insight into the possibilities of how a drug molecule may inuence the behavior of a polymer in an emulsion system and drive the formation of different microparticles, including core-shell and Janus particles. The ndings in this study clearly suggest that it is possible to encapsulate almost any drug molecule into a JP by modulating the interfacial tensions between the polymers and the water phase. Our proposed model further submits that this can be achieved by adjusting the interfacial charge density, through the tuning of the net charge of the drug molecule (e.g. by altering the emulsion pH) or the amount of polymer. It is important to next determine the extent to which a drug molecule of interest may inuence the Fig. 4 The proposed model for drug-induced interfacial tension change. The interfacial tension is referred to the energy cost per unit area associated with creation of an interphase between the polymer (i.e. PLGA or PCL dissolved in DCM) and the water phase. Both PLGA and PCLs are slightly polar with multiple carbonyl groups displaying partial negative charge (d À ). When exposed to water, hydrogen bonding between water molecules and polymer dominates. The less hydrophobic the polymer surface is, there will be greater interaction between polymer and water, and hence the lower the interfacial tension. Drug molecules, either positively ( ) or negatively ( ) charged, interact with the polymer at specific molar ratios (presumably via hydrophobic or van der Waals interactions), causing the polymer to become more hydrophilic and thus, reducing the interfacial tension at low polymer weight. At high polymer concentration, more drug molecules are expected to interact with the polymer chains, resulting in higher interfacial charge density. This is thermodynamically favorable for interaction between positively charged drug and the polymer as opposite attracts. However, it is unfavorable for negatively charged drug interacting with the polymer when the charge density reaches a repulsive threshold, as similar charges repel. Consequently, addition of a positively charged drug reduces the interfacial tension, while a negatively charged drug increases the interfacial tension at high polymer concentration.
interfacial tension for different types of polymers at various polymer concentrations. Such outcomes will be critical to provide a quantitative measurement or a standard for the formation of drug-encapsulating JP. Although micron JP (10 s-100 s mm) were synthesized in this study as a model, it is highly possible that sub-micron, drug-loaded JP can also be generated via the same emulsion solvent evaporation approach. 49 In fact, the exibility for particle size tuning will be a great advantage for different drug delivery applications. For example, micron JP can be used for intraperitoneal delivery where the peritoneal cavity is used as a reservoir for the slow release of drugs from larger particles that cannot escape from the peritoneal region. 50, 51 In addition, the use of micron JP can also be used to deliver drugs into the anterior chamber of the eye for islet transplantation.
52 Sub-micron JP, on the other hand, can be used for other routes of drug delivery, including oral and intravenous administrations. 
Conclusions
Janus particles (JP), of anisotropic structure, can be fabricated through a one-step emulsion solvent evaporation technique, with high yield and a precise control of particle structure. The addition of a drug into this emulsion however changes the way JP are formed. Both the net charge of the drug and the polymer amount used (i.e. weight ratio of PLGA/PCL) in the emulsion play important roles in altering polymer interaction, and thus the nal structure of the particles, i.e. core-shell or JP. These ndings offer a new perspective in which the presence of a drug could alter the particle morphology by inuencing the interfacial tension in the emulsion system. JP formation via phase separation, with or without drug encapsulation, is a thermodynamic process that is solely determined by the emulsion interfacial tensions, that is according to the spreading coefficient theory. This mechanistic insight would therefore allow for the production of drug-encapsulating JP that could be used for various drug delivery applications.
